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I.  INTRODUCTION 


This  is  the  final  report  on  the  research  on  "The  Foundations  of  Scattering 
Theory  and  Applications  to  Physical  Problems*  carried  out  under  contract 
AF  ^9(638)-24. 

Section  II  contains  a  review  of  work  done  since  the  last  report.  In  Section  III 
a  complete  list  of  publications  and  technical  reports  supported  in  whole  or  in  part 
by  this  contract,  since  its  inception  in  November,  1956,  is  given.  Also  included  is 
a  list  of  students  who  have  received  degrees  wholly  or  partially  supported  by  this 
contract.  Concluding  remarks  are  made  in  Section  IV. 
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II.  REVIEW  OF  RECENT  WORK 

The  work  done  since  the  inception  of  this  contract  (on  November  1,  1956) 
to  the  present  has  been  reported  in  quarterly  status  reports,  technical  reports, 
a  year-end  summary,  and  published  articles.  In  addition,  a  general  review  of  the 
work  done  up  to  May,  1961,  was  given  in  the  renewal  proposal  submitted  at  that 
time.  We  give  below  a  brief  resume  of  the  work  done  in  the  period  May,  1961,  to 
the  end  of  the  contract  period.  A  list  of  all  publications  related  to  the  contract 
program  is  given  in  Section  III  and  references  to  this  list  will  be  indicated  by 
superscripts. 

Following  is  an  outline  of  the  work  done  during  the  final  period.  This  is 
followed  by  a  series  of  abstracts  giving  further  detail. 

A.  Foundations  of  Scattering  Theory. 

1.  Normalization  Condition  for  the  Bethe-Salpeter  Wave  Function  and 
a  Formal  Solution  to  the  Bethe-Salpeter  Equation. 

2.  Relativistic  Invariance  and  the  Square-root  Klein-Gordon  Equation. 

3.  Rotational  Invariance  and  the  S-matrix  in  Non-relativistic  Quantum 
Mechanics. 

4.  Asymptotic  Behavior  of  the  S-matrix  for  High  Angular  Momentum. 

5.  Regularity  of  the  T-matrix  in  the  Case  of  Dirac  Potential  Scattering. 

6.  Heisenberg  Fields  which  Vanish  on  Domains  of  Momentum  Space. 

7.  Completeness  Identity  in  Field  Theory. 

B.  Applications  to  Physical  Problems. 

1.  A  Field  Theoretical  Calculation  of  the  Cne-pion  Exchange  and  Two-pion 
Exchange  Contributions  to  the  Phase  Shifts  with  Higher  Angular 
Momenta  for  Nucleon-Nucleon  Scattering. 
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2.  Dispersion  Theory  Methods  for  Pion-deuteron  Scattering. 

3.  Scattering  of  the  K-meson  from  the  Deuteron. 

4.  Calculations of  the  Energies  of  the  Higher  Resonances  in  Pion- 
nucleon  Scattering. 

5.  A  model  of  the  Flonic  Decays  of  the  Hyperons. 

C.  In  addition,  lecture  notes  on  the  following  topics  appeared: 

1.  Scattering  Theory. 

2.  Quantum  Electrodynamics. 

3.  Mult:pde  Expansions  in  Elementary  Particle  Physics. 


A.  Foundations  of  Scattering  Theory. 

1.  Normalization  Condition  for  the  Bethe-Saloeter  Wave  Function 
and  a  Formal  Solution  to  the  Bethe-Salpeter  Equation. 

By  the  use  of  an  inhomogeneous  Bethe-Salpeter  equation,  a  normalization 
condition  for  the  Bethe-Salpeter  wave  function  is  obtained.  This  condition  re¬ 
quires  the  normalization  integral  to  be  positive.  A  formal  solution  is  obtained  in 
the  ladder  approximation,  and  convergence  of  the  normalization  integral  is  proved 
by  the  use  of  this  solution.  This  solution  is  also  used  to  prove  a  dispersion  re¬ 
lation  for  the  vertex  function  of  the  compound  particle,  and  to  give  an  approximate 
solution.  The  positiveness  of  the  normalization  integral  is  proved  in  the  non- 
relativistic  limit.  The  bound  state  of  nucleon  and  anti-nucleon  is  studied  in  the 
ladder-chain  approximation,  and  it  is  found  that  the  normalization  condition  gives 
finite  wave  function  in  spite  of  divergency  of  the  normalization  integral. 

This  work,  done  by  Dr.  I,  Sato,  has  appeared  as  PETR  #262,  and  has  been 


submitted  for  publication 
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2.  Relativistic,  Invariance  and,  the  Square-root  Klein- Gordon 
ESB2&U&Q* 

It  is  stressed  that  the  usual  operator  invariance  requirements  and 
corresponding  commutation  condition  encountered  in  the  study  of  the  invariance  of, 
for  example,  relativistic  wave  equations  are  only  sufficient  conditions  for  in¬ 
variance  and  are  by  no  means  necessary.  More  general  conditions  are  given  and 
illustrated  with  the  so-called  square-root  Klein- Gordon  equation.  A  new  proof 
is  thereby  given  of  the  Lorentz  invariance  of  this  equation  .  The  methods 
developed  are  extended  to  cover  the  presence  of  external  fields  and  it  is  proved 
that  the  usual  gauge  invariant  modification  of  the  relativistic  Hamiltonian  of 
a  3pinless  particle  which  takes  into  account  the  presence  of  an  external  electro¬ 
magnetic  field  leads  in  the  quantum  mechanical  case,  to  an  equation  which  does 
net  admit  the  proper  Lorentz  group.  This  theorem  and  its  generalization  is  dis¬ 
cussed  in  connection  with  a  statement  of  Dirac,  to  the  effect  that  the  square- 
root  equation  cannot  be  extended  to  include  interaction  without  losing  Lorentz 
invariance. 

This  work,  by  Dr.  J.  Sucher,  appeared  as  PDTR  #246,  and  has  been  pub¬ 
lished  in  the  Journal  of  Mathematical  Fhysics. 

3.  Rotational  Invariance  and  the  S-matrlx  in  Non-relatlvlstlc 
Quantum  Mechanics. 

The  connection  between  an  observable  invariance  property  of  the  scattering- 
matrix  and  the  interaction,  V,  generating  the  scattering  is  studied  for  a  particular 
case;  rotational  invariance  in  non-relativistic  "potential*  scattering.  It  la 
shown  that  a  determination  that  the  scattering  cross  section  depends  only  on  the 
angle  between  the  incident  and  outgoing  beams  by  no  means  implies  that  V  is  in¬ 
variant  under  rotation.  This  is  true  even  if  coherent  incident  beams  are  used 
to  probe  the  target.  Some  aspects  of  these  results  and  their  relevance  for  the 
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construction  of  physical  theories  are  briefly  discussed. 

This  work,  by  R.  Fong  and  J.  Sucher,  has  appeared  as  PDTR  #26$, 
snd  has  been  submitted  for  publication  in  the  Physical  Review. 

4.  Asymptotic  Behavior  cf  the  S-matrix  for  High  Angular  Momentum. 

The  behavior  of  the  partial  wave  transition  matrix  is  discussed  for 
large  values  of  the  angular  momentum.  For  physical  values  of  the  angular 
i>  omentum,  it  is  shown  that  the  N- channel  T-matrix  vanishes  in  the  high  angular 
i  rm  entum  linit.  The-  validity  ox  the  optical  model  is  discussed.  In  the  Oelfand- 
Levitan  formalism,  it  is  shown  that  the  two  Jost  function®  coincide  as  the 
ii.-.gi lar  momentum.  ,  oes  to  infinity  clone  the  real  axis.  For  the  Yukawa-type  poteo- 
t  'Is,  it  is  sho fen  thut  iu±  transition  matrix  reduces  to  its  Born  term  as  the 
.1  port  cf  the  complex  r.nju'Lu*  nusentum  variable  gees  to  infinity. 

This  wor-c,  by  Y.  S.  Kim  and  A.  Jaffe,  has  appeared  as  FUTR  #26?,  and  has 
\  oca  accepted  fox-  publication  an  the  Physical  Review. 

;.  Regularity  of  the.  T  matrix  m  the  <Vse  of  Cirat  fp.t£ntia.l 
Scattering . 

The  funcuional-theoi  eilc  methods  ot  Hunzlker  have  been  applied  to  the 
case  of  Dirac  potential  scattering  to  prove  analyticity  of  the  T-matrix  in  energy 
and  momentum  transfer.  The  conditions  on  the  potential  are  somewhat  weaker  than 
those  used  liy  Khuri  and  Treimar  and  the  domains  of  analyticity  contain  the  known  ones 

• s  special  cases. 

This  work,  by  A.  Fagnamenta,  has  appeared  as  FDTR  #274,  and  has  been  sub¬ 
mitted  for  publication  in  the  Journal  of  Mathematical  Physics* 
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6.  Heisenberg  Fleld3  which  Vanish  on  Domains  of  Momentum  Space. 

If  a  local  Heisenberg  field  vanishes ,  or,  where  appropriate,  has  an 
infinite  zero,  on  one  of  the  momentum  space  domains ;  A  /  p  m 


8,  &  *>  4  Kl^and  p  =  0;  or  d  t  f>  x  >  pf*  ,  then  the  field  is  a  generalized 

free  field.  Counter  examples  show  that  this  conclusion  cannot  be  drawn  if  the 
field  vanishes  on  the  momentum  space  domains-  D  ,  ok  tt,k  <  p*  <  M*  , 
p  +  D  •  or  f ,  p  =  0 .  It  follows  that  if  two  fields  in  the  same  Borchera  class 
axe  equal  on  one  of  the  domains  h.  B  ,  or  then  the  fields  differ  at  most  by 
a  generalized  free  field  in  their  Borchers  class. 

This  work,  by  C.  W.  Greenberg,  has  appeared  as  PETR  #251.  and  has  been 
published  in  th9  Journal  of  Mathematical  Physics. 


? .  Completeness  Identity  m  Field  Theory . 

We  discuss  briefly  three  notions  which  are  related  to  the  completeness 
identity  for  Heisenberg  fields:  first,  Gram-Schmidt  orthogonalization  of  the 
states  |o^,  A*(k)  |o^,A*(k^)A*(k2)  )  o}  ,  etc.  to  construct  an  "ideal’  or  ‘improper  v 
complete  orthogonal  basis  for  the  Hilbert  space  generated  by  polynomials  in  the 
smeared  (momentum  space)  Heisenberg  field  A(k)  acting  on  the (assumed  cyclic) 
unique  vacuum  state  |o^  ;  secondly,  the  use  of  this  orthogonal  basis  to  construct 
an  expression  for  the  unit  operator  1,  which  we  call  the  completeness  identity; 
and  finally,  the  use  of  alternative  completeness  identities  to  test  the  mutual  con¬ 
sistency  of  different  completeness  assumptions;  for  example,  the  compatibility 
of  a  given  kind  of  space-time  completeness  with  asymptotic  completeness. 

This  work,  by  0.  W.  Greenberg  in  collaboration  with  H.  J,  Schmteer  and 
E.  C.  G.  Sudarshan,  has  been  published  in  H  Nuovo  Cimento. 


I- 
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fi.  Applications  to  Physical  Problems. 

1.  Nucleon-Nucleon  Scattering. 

The  one-pion- exchange  and  two-pion-exchange  parts  of  the  S-matrix  for 
nucleon-nucleon  scattering  are  calculated  field-theoretically.  The  rescattering 
of  virtual  pions  by  nucleons  and  the  pion-pion  interaction  between  virtual  pions 
are  taken  into  account.  The  S-matrlx  is  then  decomposed  into  the  partial-wave 
amplitudes,  and  the  phase  shifts  are  calculated.  Numerical  evaluations  are  carried 
out  for  the  310-Mev  proton-proton  scattering,  and  the  results  are  compared  with 
the  phase  shifts  obtained  by  analysing  the  experimental  data.  It  is  found  that, 
without  contribution  of  the  pion-pion  interaction,  the  results  are  far  from  agree¬ 
ment  with  experiment  because  of  too  strong  attraction  arising  from  the  contribu¬ 
tions  of  the  two-pion-exchange  part,  but  the  contribution  of  the  pion-pion 
resonance  in  the  I  *  J  *  1  state  improves  the  results  considerably  by  largely  cancel¬ 
ing  the  attraction.  It  is,  however,  also  found  that  definite  discrepancies  still 
remain  between  the  theory  and  the  experiments,  and  this  suggests  that  some  un¬ 
known  effects  must  play  Important  roles  in  determining  the  nuclear  force  in  the 
region  of  the  internucleon  distance  around  the  Compton  wave  length  of  the  pion. 

This  work,  by  Dr.  I.  Sato,  has  appeared  as  PETR  #238  and  has  been 
published  in  the  Physical  Review. 

2.  Dlaperalgn  Theory  _Wethods  for  Pion-Deuteron  Scattering. 

The  problem  of  low  energy  pion-deuteron  elastic  scattering  is  undertaken 
using  the  methods  of  dispersion  theory.  Complex  singularities  do  not  occur  if  the 
momentum  transfer  is  used  as  the  variable  in  a  dispersion  relation  with  the  energy 
taken  to  be  fixed  and  real.  Anomalous  discontinuities  are  developed  by  analytic 
continuation  in  the  deuteron  mass.  Subsequent  analytic  continuation  in  the  energy 
provides  the  representation  of  the  physical  amplitude . 
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A  sample  calculation  is  rrc  J.»  -.^coring  spin.  The  contributions  of 
plon-nucleon  scattering  are  estimated  by  assuming  the  dominance  of  the  T— 3 / 2 
resonance  in  the  energy  channel  and  of  the  ABC  resonance  in  the  momentum  transfer 
channel.  The  angular  distribution  is  computed  at  85  Mev  and  some  agreement  with 
experimental  data  is  obtained. 

This  work  by  J*J.  Brehm  and  J.  Sucher  has  been  submitted  for  publica¬ 
tion  in  Annals  of  Physics. 

3.  Scattering  of  the  K-meson  from  the  Deuteron. 

The  reliability  of  calculations  of  low-energy  meson- deuteron  elastic 
scattering  in  which  the  nucleons  are  treated  adiabatically  is  studied.  A  simple 
model  is  considered  m  which  nucleon  recoil  and  binding  effects  are  taken  into 
account  and  which  permits  numerical  evaluation  of  the  double  scattering  terms  in 
the  multiple  scattering  expansion  of  the  scattering  operator.  It  is  found  that  tne 
effects  in  question  are  quite  significant  numerically  for  K  -d  scattering  up  to 
200  Mev/d  K"  lab.  momentum.  A  crude  attempt  to  distinguish  the  Dalitz  solutions 
rjr  the  K  -Tt  scattering  lengths  is  made;  the  results  are  in  agreement  with  recent 
work  of  Chand  and  Dalitz. 

This  work  constitutes  the  thesis  of  Dr.  A.  K.  Bhatia  (PDTR  #265),  and  in 
abbreviated  form,  will  shortly  be  submitted  to  II  Nuovo  Cimento  for  publication. 

4.  .Calculation  of  *he  Energies  of  the  Higher  Resonances  In 
'  Pion-Nucleon  Scattering. 

The  model  of  Cook  and  Lee  for  the  coupled  processes 
TTf  V  V*  b/ ,  7T *■  A/  -»  Tjt7T+  N  and 

T\  +  1\  +  N  — *  T{  t  IT  *■  N  is  used  t0 

calculate  the  positions  of  the  D^2  and  F  ^2  resonances.  The  three-body  state 
is  considered  as  a  nucleon  plus  a  two  pion  system  at  the  T=l,  J=1  pion-pion 


resonance  energy.  For  the  left  hand  cuts,  only  the  one  pion  exchange  contri¬ 
bution  to  the  production  amplitude  is  retained.  The  branch  cut  in  the  heiicity 
amplitudes  for  this  diagram  is  found  by  requiring  that  the  exchanged  pion  be  on 
the  mass  shell.  The  one  pole  approximation  is  made  and  resonance  energies  in  fair 
agreement,  with  the  observed  energies  are  found.  No  1=3/2,  F  resonance  is  pre¬ 
dicted  at  any  energy,  while  for  T=3/2,  D ^  state,  the  result  is  ambiguous. 

The  neglect  of  the  T=3/2,  P  /2  final  state  pion- r.ucleon  interaction 
in  the  production  amplitude  is  consider ea  and  it  is  shown  that,  although  this  in¬ 
teraction  is  essential  for  understanding  the  production  cross  section  at  the 
resonances,  it  has  negligible  effect  on  the  location  of  the  resonance  energies. 

This  work,  which  constitutes  Dr.  V.  Teplltz' s  thesis,  has  appeared  as 
FDTR  #270,  and  is  being  prepared  for  publication. 


5.  4Jj£dgl^l_thg_,Pi?mc  Decays  of  £  -Hyper ons. 

^  -iiypercr.s  are  assumed  to  decay  via  the  ANTf  -  vertex.  Calculations 
•  re  made  on  boin  even  and  odd  (  2  ,  A.  )  relative  parity.  The  results  of  er/eri 
r.inty  cannot  fit  the  experimental  data.  For  the  odd  parity  we  get  ~  ol/\  , 
<iT  **  O  for  *Uf7>  ~^4,**and  d°  "'d*,  £>  for  SU*t%  *  ~  6  MT  • 


This  work  by  S.  Y.  Shleh  has  appeared  as  PDTR  #25 2 
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19.  "Lectures  on  Dispersion  Relations  in  Quantum  Field  Theory  and  Related  Topics", 
by  J.  G.  Taylor;  PDTR  #115,  Vcl.  1*  AFOSR  TN  5&-816A,  ASTIA  202-639, 

Vol.  2-  AFOSR  TN  58-6I6B,  ASTIA  202-640, 

Vol.  3s  AFOSR  TN  58-8I6C,  ASTIA  202-641. 

20.  "The  V-A  Four- fermion  Interaction  and  the  Intermediate  Charged  Vector  Meson", 
by  S.  Oneda  and  J.  Pats.?  PDTR  #126,  AFOSR  TN  59-46,  ASTIA  209-41?;  Phys.  Rev. 
Lett.  2,  125  (19.59). 

21.  "Integral  Equation  for  Production  Processes" ,  by  J.  Sucher  and  T.  B.  Day; 

PDTR  #130,  AFOSR  TN  59  153.  ASTIA  211-113*  H  Nuevo  Ciner.to  H.  HU  (1959) 

22.  "K",  K°  Relative  Parity  from  the  X'*.D  Charge  Ex'hange  Reaction",  by  T.  B.  Day, 

G.  A.  Snow  and  J.  Sucher-  PDTR  #1 32,  AFOSR  TN  59-05;  ASTIA  AD  214. 797; 

II  Nuovo  Cimento  H,  614  ,1959). 

o  -v*  o 

?).  A  and  2  Production  from  thv  C£  ‘  ,D)  System",  by  T.  B.  Day,  G.  A.  Snow, 
and  J.  Sucner;  PDTR  #137,  AFOSR  TN  *7-600,  ASTIA  AD  216-272;  Phys.  Rev. 

Lett.  1,  468  (1959). 

24.  "On  the  Suppression  of  P-state  Capture  in  (K”,p)  Atoms",  by  T.  B.  Day,  0.  A.  Snow 
and  J.  Sucher,  PDTR  #137,  AFOSR  TN  59-606,  ASTIA  AD  217-373;  Phys.  Rev. 

Lett.  2,  61  (1959) 

25.  "An  Asymptotic  Causality  Requirement  for  Systems  with  Constrained  Inputs",  by 
J.  Sucher;  PDTR  141,  AFOSR  TN  59-773;  Nuclear  Physics  J4  263  (1959). 

26..  "An  Attempt  at  Universal  Four-Fermian  Interaction".,  by  J.  C.  Pati,  and 
So  Cneda;  PDTR  #1 39,  AFOSR  TN  59-630:  H  Nuovo  Cimento  l£,  365  (I960). 

27.  "K“-Nucleon  Scattering  Lengths  and  the  K‘'~d  Scattering  Reactions",  by  T.  B,  Day, 
G.  A.  Snow  and  J.  Sucher;  PDTR  #142,  AFOSR  TN  59-772;  H  Nuovo  Cimnto 
10,  637  (1959). 

2S.  "Collisional  Auger  Process  for  Mu  Mesic  Atoms",  by  T.  B.  Day  and  J.  Sucher; 

PDTR  143,  AFOSR  TN  59  771. 

2^.  "K"  -Nucleon  Scattering  Lengths  and  the  K-d  Inelastic  Cross  Section", 

by  To  B.  Day  and  J.  Sucher;  PDTR  146,  AFOSR  TN  59-819. 
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•On  the  Leptonia  Decay  Modes  of  K-me-son",  by  K„  Chadan  and  S.  Oneda; 

PDTR  151,  APOSR  TN  59-877?  Phys.  Rev.  Lett.  1,  292  (1959). 

"Hyper fragment  Formati :  r,  from  the  K  Deuteror.  Interaction  in  Flight",  by 
T.  B.  Day.  G.  A,  Snow  ar.l  i,  Sucher:  FOTR  3?4,  APOSR  TN  so.  1072. 

"High  Orbital  S- state  Capture  of  V  -meson:  by  Protons",  by  T.  B.  Day, 

G.  A,  Snow,,  and  J.  Sucher:  PDTR  159,  AFOSR  TN  59-129?,  Phys.  Rev.  U3, 

864  (I960). 

"/  Zi  |  I  -Rule  and  the  Weak  Four-fermion  Interaction",  oy  S.  Cneda  and 
J.  C.  Pati,  PDTR  #160.  AFOSR  TN  60-12;  Phys.  Rev.  1 482  (i960). 

"On  the  Decay  Interaction  of  Strange  Particles",  by  B,  Saktta  and  S.  Cneda; 

PDTR  #165.  AFOSR  ?N  60- jO**;  Nuesaar  Physics  Id,  72  (I960). 

"Deter miration  of  K+ . r.  P-Ware  Phase  Shifts  from  K+-d  Reactions",  by  T.  B.  Day, 

L.  S.  Rodberg,  G.  A.  Snow  and  J.  Sucher*  PDTR  #166,  AFOSR  TN  60-306; 

H  Muovo  Cimentr  16,  (I960), 

JT-Deuteron  Scattering  and  the  K  . Nucleon  Scattering  Lengths",  try  T.  B.  Day, 

0.  A.  Snow  and  J.  Scene: ,  PUSS  #:6",  AFOSR  TN  60  3  54;  Phye.  Rev.  JJfi*  1100  (i960). 

"Final  State  Interactions  and  J  Rule", by  K.  Chadan  and  S.  Oneda; 

PDTR  #168,  AFOSR  TN  60-30,):  Phys.  Re'  .  i!9.  11-26  (i960). 

"Multiple  Scattering  Corrections  in  K  -d  Reactions",  bo*  T,  B.  Day,  G,  A.  Snow 
and  J.  Sjche-,  PDTR  #16). 

"On  the  LeptonAc  and  Nor ep-orcc  Decay  M*d*s  of  KLmescn*,  by  J.  C.  Patl  and 
S.  Oneoa  PETR  #17;  „  AFOSR  TN  60  655.  Nudes-  Physics  Jg.  2  (I960). 

"Absorption  Mechanists  :i  N>?,ga*_*  ;  K  ne*or.:>  ar.d  Fi:r..,  in  Liquid  Hydrogen", 
by  T.  B.  ley.  PET R  #17;,  AFOSR  TN  6C.  J01, 

"Capture  of  K"  .Mesons  from  High  S- orbitals  In  Helium",  by  T.  B.  Day  and 
G.  A.  Snow;  PDTR  #181,  AFOSR  TN  60-761;  Phys.  Rev.  Lett.  113  (i960). 

"Regularization  and  Renormalization  through  Finite-part  integrals”,  feflr 
£.  R.  Caianlello,  A,  Cas^pnlattaro  (Institute  of  Theoretical  Physios, 

University  of  Naples),  and  B.  Prezicsi  (Institute  of  Theoretical  ftiysios, 
University  of  Naples);  PDTR  #182,  AFOSR  TN  60-762. 

•K* .Meson  Capture  by  Helium",  T.  B.  Day*  PDTR  #183,  AFOSR  TN  60-819. 

"On,  the  Analytic  Properties  of  the  4- Point  Function  In  Perturbation  Theory", 
by  Alfred  Chi-Ta*.  Vu:  PDTR  #136,  AFOSR  TN  60=804. 

"Lie  Equations  for  a  L»e  Model",  by  E.  R.  Caianlellc  and  S.  Okuhc  (Institute 
if  Theoretical  Fhysi- 3,  University  of  Naples);  PDTR  l8?a,  AFOSR  TN  60-898. 
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46.  'Strict  Localisation  In  Quantum  Field  Thee"/*,  by  Janes  M.  Knight i 
FDTR  #18? ,  AFOSR  TN  60*818, 

47.  "(21  °,  A  " )  Relative  Parity  and  the  Ealitz  Decay  of  the  X  0  Hyperon*,  by 

J.  Sucher  and  G.  A.  Snow,  PETR  #138,  AFOSR  TN  60-8-.7?  II  Nuevo  Cimento  i£,193  ('• 

48.  "Relativistic  Quantum  Mechanics  and  Quantum  Field  Theory",  Vol.  1,  Lecture#  by 
J.  Sucher,  PETR  102,  .AFOSR  TN  60  - r>L.R . 

<*9,  "A  New  Reduct  1  t.  Technique  in  Qua  nr  ir.  Field  Theory*',  by  John  S.  Tcl.ij 

PETR  #194,  AFOSR  TN  60-1089. 

50.  "Strange  Far*i.le  Decays  and  the  Nature  of  Weak-  Interactions",  by 
J.  C.  Patl-  Vol.  I  TN  60-10.615,  Vnl.  II  -  TN  60~i051b-  PETR  #193. 

?i.  "Analytic tty  j u  cne  Coupling  C  rsidU’.  a.vi  Bound  States  in  Potential  Theory", 

by  B.  Bssco  and  J.  Such?.-.  FDTR  #*99,  AFOSR  TN  tO-  l-O^*  II  Nuovo  Cimento 
Series  XIX  *183  (1961). 

52.  "Tne  Possib.il  :y  .  1  .  3p*r.  V,  Ka*«v;. •  K-.nent  Pete. tor',  by  T.  B.  Day  and 
J„  Sucher ,  FDTR  2G1,  Journal  App)‘ed  Physic?  3J»»  1788  (1961), 

5')..  "Cusp  Phen-'ir.  -vt  :.r  K-. ...  1  TV  t'.oighhori- Tnr.-^boTds*,  by  J.  Sucher, 

G„  A..  Snow  a;.«  T.  8.  Lay  !CS  #!•.•;,  AFOSR  TN  60  1-4;  Fry,.  Rev.  igg,  1645  (I96I). 

»A  No- .  e  Re..-ro'««<'a-f-i‘  r-‘.  *..«•.  ",  by  T.  9.  Dvy,  L.  S.  R;dberg,  0.  A.  Snow 

and  S-t?n«c •  FDTR  I  y.  .  R---  LV  ,  lot  -'I'bV.). 

"Two  p::.;  t  Fu.  ..*!■•  and  0. d  Ff»e  Fields",  A.  L.  Lieht  and  J.  S.  Toll' 

PfTR  #220,  II  N  i  -  C.-.'.u  ,  Sv-c  :  T,  7.i,  21,  pc.  346-  51. 

vs.  FL:.  ;turv_-  .  fhi-  tV*  :i  Prtv’r K-.h.c-;  1,-.  D-.  Theory',  by 

Richard  J.  £.)*-  PITS 

ti,  "A  Field  The.-re: icai  CaTi'iia  .*iu  :f  the  Cue  pi.;:.  Exchange  and  Two-pion 

Exchange  Contributions  +0  the  Fhase-Shifts  with  Rigner  Angular  Momenta  for 
Nucleon-Nucleon  Scattering",  by  Iwao  Sato  PETR  #238,  Pnys.  Rev.  127.  1352  (1962). 

58.  "Introductory  Notes  or.  Scattering  Theory*,  by  0.  Vi.  Greenberg;  PER  #243. 

'9,  'Relativistic  Xnrarianc©  and  *he  Square- root  Klein- Gordon  Bquation*,  by  J.  Sucher; 
POTR  #246*  (Journal  •  £  KntiiCswtlcal  Pny* its,  January  1963  Issue). 

"Relativistic  Quantum  Field  Theory  II",  by  J.  Sucher r  FDR  #249. 

oi,  "Multi  pole  Expar.sicva  m  Element  a -y  Particle  Fhy.iics",  by  R.  Stora,  PER  #25 0. 

62.  "Heisenberg  Field?  vhi.h  V,vr,d  Drmatns  of  Momentum  Space",  by  0.  ¥.  Greenberg; 

PETR  #251,  Jo-rr.a'.  ■£  Mat  t.----.*::  d  Fiyciw  t,  8*9  (1962). 

i,  "A  K-.aeT  rf  the  F:. :  *-i '  De:i..  *  1  Hyper  r.s4,  by  Snior-,  S.  W., 

FOTR  #2.V. 

64,  "Ncrnalization  Cordoti.;:.  for  the  Betne-Salpeter  Wave  Function  and  a  Formal  Solu¬ 
tion  to  the  Betne-Salpe-er  Squarim",  toy  Iwac  Sato.-  FDTR  #262  (has  been  submitted 
for  publication) » 
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65*  "Scattering  of  the  P  Meson  from  the  Deuteron" ,  by  A.  K.  Bhatia:  PUTS  265, 

(will  be  outwitted  to  H  Suovo  Ciaento  for  publication) 

66.  "Some  Asymptotic  Behaviors  of  the  S~ matrix  for  Bigh  Angular  Momentum* ,  by 

A.  M.  Jaffa  and  Y.  8.  Kim;  PDTR  26?» (accepted  for  publication  in  Fhys.  Rev.) 

67.  "Rotational  Invariance  S- matrix  in  Non-relativistic  Quantum  Mechanics",  by 

R.  Fong  and  J.  Sucher:  PDTR  #269  (accepted  for  publication  in  Physical  Review). 

68.  "Calculations  of  the  Energies  of  the  Higher  Resonances  in  Pion-nueleon 
Scattering",  by  V.  Teplitz;  PDTR  270  (is  being  prepared  for  publication). 

69.  "Regularity  of  the  T-matrlx  in  the  Case  of  Dirac  Potential  Scattering*,  by 
A.  Pagnamenta ;  PDTR  274(has  been  submitted  for  publication  to  the  Journal  of 
Mathematical  Physics) . 


Other  publications  which,  because  of  their  nature,  did  not  have  TM  numbers  but  ware 
nevertheless  related  to  the  work  of  this  contract  are: 

1.  “Test  of  Global  Symmetry  in  Pion-baryon  Interactions  by  K"+  P-Reactions",  by 
Jogesh  C.  Pati,  Physical  Review,  Vol.123,  g,  705-710  (1961). 

2.  "Asymmetry  Parameter  of  A  Decay  and  the  Intermediate  Boson  of  Weak  Inter¬ 
actions",  by  S.  Oneda,  J.  C„  Pati,  and  B.  Sakita:  Fhys.  Rev.  Lett.  £,  24  (1961). 

3.  MEMORIAL  VOLUME  TO  WCUTGAMO  PAULI,  by  <3.  Kallen  and  John  S.  Toll;  Helvetica 
Physlca  Acta  22.,  755-772  (I960);  Article  on  "Integral  Representations  for  the 
Vacuum  Expectation  Value  of  Three  Scalar  Local  Fields”. 

4.  QUANTUM  FIELD  THEORY,  edited  by  Caianialle:  Chapter  "Analyticity  Domain  of 
Vacuum  Expectation  Values",  published  by  Academic  Press,  i960. 

5.  "On  ths  Commutator  of  a  Free  Klein- Gordon  Field  Operator  with  an  'Arbitrary' 
Heisenberg  Field  Operator”,  abstract  of  a  paper  presiented  at  the  New  York 
meetings  of  the  American  Physical  Society  (February,  1961)  and  written  by 

Z.  Fried,  A.  L.  Lictat  and  J.  S.  Toll:  Bulletin  of  the  American  Physical  Society. 

6.  "Completeness  Identity  in  Quantum  Field  Theory",  by  0.  W.  Greenberg,  H.  J. 
Schnitxer  and  E.  C,  0,  Sudarshan,  II  Nuovo  Clmento  X,  25,  461  (1962). 

?.  "Dispersion  Theory  Methods  for  Picn-Deuteron  Scattering",  by  J.J.Brehm, 
and  J.  Sucher  (subedited  for  publication  in  Annals  of  Physics). 
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Students  who  have  received  degrees  wholly  or  partially  supported  by  this  contract, 
since  its  inception  are: 


Do  Wong 

Fho  D.,  195? 

F,  Prats 

Ph=  Do,  1958 

Mo  Lutzky 

M.  S.,  1958 

J.  Knight 

Ph.  Do,  I960 

A.  C.  Wu 

Ph.  D.,  I960 

J.  G.  Pati 

Ph.  D.,  I960 

A.  K0  Bhatxa 

Ph.  D.,  1962 

V.  Teplits 

Ph.  D.,  1962 

R.  Fong 

Ph.  D..  1963 

S.  Aks 

Ph.  D.,  1963 

A..  Licht 

Ph.  D. ,  1963 

Alio  Jo  J.  Breh/n 

Ph,  D.,  '1.962 

Alt hough  Dr.  Bream  was  not 

supp cited  vy  th 

( expected) 

( expect  ed) 

(  expect  ed) 

s  contract,  his  thesis  work  resulted  in 


,’uint  publication  with  hie  advisor,  Dr.  Bucher 


IV.  CONaODIBO  REMARKS 

We  believe  that  the  support  given  this  research  has  been  more  than  justified 


by  the  quantity  and  quality  of  the  work  done,  as  well  as  by  the  number  and  caliber 
of  the  Ph.  Da's  in  physics  it  has  produced. 

During  the  5-year  period  of  the  contract  work  around  75  recnnical  reports 
were  produced,  most  of  which  led  to  publications  in  leading  physics  Journals. 

Work  of  this  contract  has  been  the  subject  of  invited  and  contributed  papers  at 
meetings  of  the  American  Physical  Society,  at  the  International  High  Energy  Physics 
Conferences,  etc.  Also  s,  >  another  measure  of  the  timeliness  and  frontier  nature  of 
seme  of  the  work  done,  there  have  been  5  Physical  Review  Letter  publications  during 
this  period  1959-19t>2  by  members  cf  this  group. 

Nine  student*  have  obtained  tne  Ph.  D.  degree  partially  supported  by  the  con- 
*ract.  Many  of  them  are  now  distinguishing  tnems elves  by  their  post-doctoral  work. 

The  three  students  who  gained  their  degree  this  year  are  currently.  Research  Associate 
ot  the  Lawrence  Radiation  Laboratory  (V.  L.  Teplitz) ?  post -doctoral  N.S.F.  Mellow  at 
irinceton  University  (J.  J.  Brehm)  and  Assistant  Professor  at  Wesleyan  University 
u,  K a  Bhat.ia).  Among  earlier  outstanding  students  are  D.  Y.  Wong,  new  Assistant 
Professor  at  the  University  of  California  at  La  Jolla;  and  J,  C.  Pati,  Richard  C. 
Tolman  fellow  at  Cal.  Tech,  for  two  years  and  currently  at  the  Institute  for 
Advanced  Study;  A,  C,  Wa,  currently  Assistant  Professor  at  the  University  of  Michigan; 
F.  Prats,  permanent  staff  member  of  the  National  Bureau  of  Standards,  and  J.  Knight, 
•urrently  on  military  duty  at  Ft.  Monmouth  Signal  Laboratories.  Three  more  students 
.rc<  have  been  assistants  on  this  contract  will  probably  gain  the  Ph.  D.  in  1963. 

We  have  also  been  particularly  fortunate  in  the  caliber  of  the  work  of  the 
Research  Associates  we  have  been  able  to  attract  to  this  program.  As  an  example 
v*  mi-lie  v.ere  the  comments  of  the  referee  on  a  paper  on  Nucleon-Nucleon  Scattering 


submitted  to  the  Physical  Review  by  Dr.  I.  Sato  in  196lt 

"This  is  an  Important  as  well  as  a  monumental  paper.  The  latter 
adjective  can  be  used  in  several  ways,  one  of  them  being  that  the  paper 
is  a  monument  to  the  skill  and  perseverance  of  one  man’s  calculational 
ability.  The  method  used  is  novel  in  as  much  as  it  combines  conventional 
field  theory  and  dispersion  relations  In  a  useful  way,  and  calculates  the 
phase  shifts  directly  instead  of  the  potential  -  a  welcome  innovation 
after  the  many  years  of  potential  theoretical  morass  .  .  .* 

In  conclusion*  we  would  like  to  express  our  appreciation  to  the  Mr  Porch  Office 
of  Scientific  Research  and  Development  Command  for  the  support  it  has  given  this 
work.  We  hope  to  continue  the  production  of  significant  research  on  the  basis  of 
the  grant- f err#  rather  than  the  contract-form  of  support. 


j .  Sucher 

Co-principal  Investigator 


